DNA methylation is an important epigenetic modification that undergoes dynamic changes in mammalian embryogenesis, during which both parental genomes are reprogrammed. Despite the many immunostaining studies that have assessed global methylation, the gene-specific DNA methylation patterns in bovine preimplantation embryos are unknown. Using reduced representation bisulfite sequencing, we determined genome-scale DNA methylation of bovine sperm and individual in vivo developed oocytes and preimplantation embryos. We show that (1) the major wave of genome-wide demethylation was completed by the 8-cell stage; (2) promoter methylation was significantly and inversely correlated with gene expression at the 8-cell and blastocyst stages; (3) sperm and oocytes have numerous differentially methylated regions (DMRs)-DMRs specific for sperm were strongly enriched in long terminal repeats and rapidly lost methylation in embryos; while the oocyte-specific DMRs were more frequently localized in exons and CpG islands (CGIs) and demethylated gradually across cleavage stages; (4) DMRs were also found between in vivo and in vitro matured oocytes; and (5) differential methylation between bovine gametes was confirmed in some but not all known imprinted genes. Our data provide insights into the complex epigenetic reprogramming of bovine early embryos, which serve as an important model for human preimplantation development.
Introduction
Cytosine methylation is an important epigenetic modification that is largely restricted to CG dinucleotides and serves to regulate gene transcription for differentiation, gene imprinting, and X-chromosome inactivation [1] [2] [3] . The most dramatic genome-wide methylation changes occur in primordial germ cells and during preimplantation development [4] [5] [6] [7] [8] [9] [10] [11] . In early embryos, this involves the ultimate removal of cytosine methylation acquired in the gametes prior to fertilization, a process extensively characterized at the single-base level in the mouse, and more recently in humans [4, [6] [7] [8] . Interestingly, the demethylation of the two parental genomes happens differently. Immediately after fertilization, the 5-methylcytosine (5mC) in the paternal pronucleus is actively converted to 5-hydroxymethylcytosine (5hmC) by the enzyme tet methylcytosine dioxygenase 3 (TET3) [12] [13] [14] . In contrast, the 5mC in the maternal pronucleus is largely protected from the actions of TET3 by Stella/Pgc7/Dppa3, which interacts with H3K9me2 that is enriched in the maternal pronucleus [15] [16] [17] . The differentially methylated pronuclei fuse and methylation (5mC and 5hmC) levels decrease in a replication dependent manner during cleavage division ultimately reaching a nadir. This is followed by large-scale de novo methylation that sets the stage for differentiation [18] [19] [20] . The gradual demethylation during preimplantation development has been observed in humans, mice, and cattle, but the timing of the major wave of genome-wide de novo methylation differs [4, [6] [7] [8] 18] .
To date, the global characterization of the DNA methylation dynamics in embryos of domestic species remains at the immunostaining level [18, 21, 22] , with the exception of a few stages of in vitro produced bovine embryos that were analyzed using the EmbryoGENE DNA methylation array [23] . These studies primarily revealed the methylation of highly condensed repetitive DNA or the methylation level of sequences represented on the array. Although numerous studies have been performed to evaluate the methylation level of selected genes and regulatory regions during bovine embryo development [21, [24] [25] [26] , the complete characterization of DNA methylation at the single-base level has not been reported. This characterization is critical to understanding the epigenetic reprogramming and regulation that occurs during normal, bovine embryonic development in vivo, and to providing insight into the epigenetic alterations that occur during in vitro maturation of oocytes and culture of embryos after in vitro fertilization. Environmental perturbations experienced during in vitro production are expected to influence the epigenetic reprogramming during this critical period, often leading to nonrandom epigenetic errors [27, 28] that are linked to imprinting diseases in humans [29] and large offspring syndrome in ruminants [30, 31] .
Reduced representation bisulfite sequencing (RRBS) detects clustered CGs that are mainly located in CpG islands (CGI) and are important for gene expression regulation. Here, we performed RRBS of bovine sperm, in vivo developed oocytes, and embryos from the 2-cell to the blastocyst stage, obtaining a comprehensive single-base resolution map of DNA demethylation dynamics across early bovine preimplantation development. This data resource is valuable because it provides the "gold standard" reference for embryos produced by assisted reproductive technologies, as well as identifying potential regulatory mechanisms of DNA methylation in gametes and during embryo development. Such a rich dataset from an economically important agricultural species not only provides evolutionary insights into the epigenetics of early development, but also serves as a good model for understanding potential causes of human infertility and the epigenetic effects of the assisted reproductive technologies that are designed to treat it.
Materials and methods

Ethics statement
Sperm, oocytes, and embryos were obtained from a healthy Holstein bull and cows housed at the Institute of Animal Science, Xinjiang Academy of Animal Science, Urumqi, Xinjiang, China. The animal protocol was approved by the Animal Care and Use Committee of Xinjiang Academy of Animal Science (Research license 200815).
Bovine sperm, oocytes, and preimplantation embryos
Frozen bovine sperm from a bull with proven fertility were thawed, washed, and purified to remove somatic cell contaminants using a PureCeption gradient solution. With a series dilution, approximately 50 sperm were placed into individual 0.2 ml PCR tubes and snapfrozen until analysis.
Germinal vesicle stage and in vitro matured oocytes were produced using slaughterhouse ovaries as previously described [32] . In vitro maturation was conducted in 500 μl of TCM-199 supplemented with 10% FCS and 10 ng/ml growth factor in four-well dishes for 24 h in a 39
• C incubator under 5% CO 2 . Maturation was confirmed by light microscopy examination and zonae pellucidae were completely removed. All oocytes were then individually snap-frozen at -80
• C with minimal medium.
Multiparous Holstein cows (n = 10) were synchronized and superovulated as described previously [33] . Artificial insemination using semen from a bull with proven fertility was conducted at 12 and 24 h post standing heat (day 0). Donor animals were sacrificed at 30 h, and 2-4 days after estrus to collect in vivo matured oocytes and embryos at the 2-to 8-cell stages by oviductal flushing. Early/compact morulae and blastocysts were collected by routine nonsurgical uterine flushing on days 5, 6, and 7. All oocytes and embryos were examined and staged under light microscopy. Only morphologically intact embryos meeting the International Embryo Technology Society standards of grade 1 were included in this study.
Single oocytes and embryos were briefly washed several times in D-PBS containing 1 mg/ml polyvinylpyrrolidone (PBS-PVP). They were transferred to 50 μl droplets of 0.1% protease to remove zonae pellucidae. Single oocytes and embryos were then rinsed in PBS-PVP before assessment for the absence of contaminating cells and snapfrozen in -80
• C with minimal medium. In total, we analyzed 27 individual oocytes and embryos (n = 3, per stage) and three semen samples.
RRBS library preparation and sequencing
We conducted DNA extraction, MspI digestion, end-repair, dAtailing, adaptor ligation, and bisulfite conversion in a single tube to minimize DNA loss [34] . To monitor the rate of bisulfite conversion, 0.5% unmethylated lambda DNA (Fermentas) was spiked into all samples before MspI digestion. The converted DNA was purified with 10 ng protective carrier tRNA (Roche), followed by one round of PCR amplification with KAPA HiFi Uracil + (KAPA Biosystems). Amplified DNA fragments of 200-500 bp were size-selected using a 2% agarose gel. RRBS libraries were prepared from three replicates of each gamete and embryo stage and multiplexed, and sequenced in Illumina Hiseq2500 with 125 bp pair-end reads. In total, we analyzed 30 samples from 10 stages of development and obtained 165 Gb sequencing data.
Sequencing read quality control and alignment
Multiplexed sequencing reads were first trimmed to remove lowquality bases and adaptor sequences using the Trim galore tool. The clean reads were then aligned to the bisulfite-converted reference bovine genome UMD3.1.1 (bosTau8) using Bismark alignment tools [35] (version 0.16.3) with default parameters. Additionally, because the cytosines in a non-CG (CHH and CHG) context in the lambda DNA genome are definitely unmethylated, the lambda DNA was rebuilt as an extra reference for alignment and the calculation of the bisulfite conversion rate of each sample. Once the alignment was completed, the sorted BAM files were generated by Picard toolkit and a pileup file of mapped data was created for DNA methylation calculations.
Determination of methylation levels of CpG and non-CpG sites
The methylation levels of each sampled cytosine were estimated as the number of reported C ("methylated" reads) divided by the sum of reported C ("methylated" reads) and T ("unmethylated" reads) at the same positions of the reference genome. Every CpG site with read depth >1 was summed and counted in the total CpG coverage of the sample, only the CpG sites with at least fivefold read coverage were used to quantify the DNA methylation level of each sample. We then performed the 100-bp tile-based DNA methylation calculation algorithm [6] . First, we binned the reference genome into consecutive 100-bp tiles. Then, the number of reported C divided by the sum of reported C and T captured in the 100-bp tiles was regarded as the 100-bp-tile averaged DNA methylation level. The DNA methylation level for a given sample was the average of the 100-bp tiles, while the DNA methylation level of a stage was the arithmetic average value of all biological replicates of that stage. The CpG density for every CpG site was calculated as the total number of all CpGs 50 bp up-and downstream of that CpG site. The CpG density for every 100-bp tile was calculated as the averaged CpG number in the tile. The tiles with methylation level over or equal to 20% or below 20% were defined as high/intermediate or low methylated tiles, respectively. For non-CpG methylation, the same calculation strategy was used.
Characterization of genomic features
The annotated retroelements, such as long interspersed nuclear elements (LINEs), short interspersed nuclear elements (SINEs), and long terminal repeats (LTRs), and their subfamilies were downloaded from the RepeatMasker track of UCSC genome browser. Promoters were defined as regions of 1000 bp upstream of transcription start site (TSS) of each gene. Other regions, such as CGIs, exons, and introns, were downloaded from USSC tables with UMD3.1.1 track. The intragenic regions were sequences from TSS to transcription end site (TES), while the intergenic regions were defined as the complement of intragenic regions in the bovine genome. For each annotated genomic region, the DNA methylation level was calculated from the average of all CpG sites in the region with more than fivefold coverage. Additionally, when quantifying the DNA methylation level of promoters, only those with at least five CpG sites were retained for further analysis.
Identification of dynamically methylated tiles and gamete-specific differentially methylated regions
We systematically compared the DNA methylation levels of overlapped 100-bp tiles in each of the compared groups or consecutive stages. For example, we regarded 100-bp tiles as gamete-specific differentially methylated regions (DMRs) if the methylation levels of one type of gametes (such as the sperm) were greater than 75%, while the other type (such as MII oocytes) were less than 25%, with a Benjamini-Hochberg false discovery rate (FDR) corrected P ≤ 0.05 from a two-sided Student t test. Additionally, if a 100-bp tile had absolute methylation change >40% between the compared groups with an FDR-corrected Fisher's exact test of P ≤ 0.05, it was then classified as a changing tile, while the remaining tiles were considered stable.
The gene ontology analysis was done for the genes with DMRs using DAVID online (https://david.ncifcrf.gov) [36] .
Correlation of gene expression and DNA methylation
Our previously published gene expression data from bovine in vivo MII oocytes and preimplantation embryos, GSE59186 [33] , and the raw data of in vitro MII oocytes, GSE52415 [37] , were pooled and aligned using Tophat2 [38] against bovine genome UMD3.1.1 (bosTau8) with default settings. Cufflinks [39] was used for quantification of FPKM values with default settings. The log2 of the gene expression levels (FPKM) of detectable genes (FPKM >0.1) and the DNA methylation levels of the promoters of each corresponding expressed gene were calculated. Finally, Spearman correlation coefficients (r) between gene expression and DNA methylation levels of promoters were calculated and plotted in R package.
Results and discussion
Genome-wide DNA demethylation in bovine preimplantation embryos Using RRBS, we analyzed a total of 30 samples that included bovine sperm and individual in vivo matured oocytes and embryos of 10 different developmental stages (n = 3) and obtained 165 Gb of sequencing data (Supplementary Table S1 ). The raw FASTQ files and processed methylation calling files are available at Gene Expression Omnibus (GEO) (www.ncbi.nlm.nih.gov/geo) under the accession number GSE110400. After alignment, we removed three samples with extremely low mapping efficiency (Supplementary Table S1 ). The bisulfite conversion efficiency, estimated from spiked Lambda DNA, was more than 99% (Supplementary Table S1 ). RRBS provided the expected genomic coverage and reproducibility (Supplementary Table S1 and Supplementary Figure S1a) . On average, we captured 2639,860 CpGs per stage for a total of 10X genome coverage (Supplementary Table S1 ). Captured CpGs were broadly spread across each chromosome (Supplementary Figure S1b (2) cleavage-stage embryos with reduced methylation, the lowest level observed at the blastocyst stage (Figure 1a and b) . These patterns are similar to those found in mice [4, 6, 40] and humans [7, 8] . Two additional profiles are also noteworthy: from the 2-/4-cell to 8-cell stage, and from the early/compact morula to the blastocyst stage (Supplementary Figure S1a) . The demethylation during early preimplantation development has been consistently reported in 5mC immunofluorescence-based studies [18, 21, 22, 41] . However, we did not observe the de novo methylation in blastocyst stage embryos that has been observed by immunofluorescence. This could be due to several factors, chief among them the analysis of in vivo embryos in this study. In vitro production of embryos has long been known to perturb epigenetic modifications [42, 43] . Another potential cause of the discordance could be the difference in resolution between immunofluorescence and RRBS, with the former providing a localized, low-resolution view of highly methylated regions in the embryo. Lastly, it could be due to technical attributes inherent to immunofluorescence [44] . Indeed, de novo methylation at the blastocyst stage was also not observed by high-throughput sequencing analyses (RRBS or MethylC-seq) of mouse [4, 40] or human embryos [7, 8, 45] .
Despite similarities to the patterns observed in mouse and human embryos, distinct features in the bovine embryos were observed. Specifically, a dramatic decrease in DNA methylation occurred between gametes and the 2-cell stage, with the average DNA methylation level decreasing from 37% in the sperm and in vivo MII oocytes to 22% in the 2-cell embryos (Figure 1a, Supplementary Figure S1c) . Of interest, a significantly lower methylation level was found in the X chromosome compared to autosomes in sperm samples (Supplementary Figure S1c) . A further and major reduction of DNA methylation to around 18% occurred as the embryo progressed to the 8-cell stage, coinciding with major embryonic genome activation [33, 37, 46, 47] (EGA; Figure 1a, Supplementary Figure S1c) . This is consistent with the loss of methylation over multiple cleavage divisions due to the absence of the maintenance DNA methyltransferase 1 (DNMT1) [48] , and to major increases in transcription from the embryonic genome [33, 37, [49] [50] [51] [52] . Subsequently, an even more dramatic decrease was seen between the morula and blastocyst stages (16%; Figure 1a, Supplementary Figure S1c) . The timing of this second demethylation wave correlated with the differentiation of the trophectoderm and inner cell mass, which involves the activation of specific genes, such as POU class 5 homeobox 1 (POU5F1) and caudal type homeobox 2 (CDX2) [53] [54] [55] . This is also correlated with the increased DNA methyltransferase 3 alpha (DNMT3A) expression in blastocysts [33] . In contrast, a moderate increase in DNA methylation was found from the 2-to 4-cell, and from 8-cell to early/compact morula, which is consistent with de novo methylation due to the elevated DNA methyltransferase 3 beta (DNMT3B) and DNMT3A expression in 4-cell and 16-cell stage bovine embryos, respectively [33] . Also of considerable interest, a significant difference in the methylation level between in vivo and in vitro matured oocytes was found (Figure 1a and b) . In vitro maturation maintained GV oocyte levels of methylation while in vivo maturation increased DNA methylation levels; this is consistent with the observation that in vitro maturation produces about 75% nuclear maturation, but cytoplasmic maturation is much more incomplete [56] . As a result, in vivo-derived oocytes have a higher developmental potential compared to in vitro [32, 57] . These observations provide the underlying mechanism for the abnormal gene expression and reduced embryo and fetal development when oocytes are matured in vitro.
Genome-wide methylation maps and correlation with gene expression
As seen in mouse and human embryos [6, 7] , a distinct methylation pattern was observed in and around all annotated gene bodies, which were progressively more methylated than the 15-kb intergenic regions both up-and downstream. Specifically, the TSS (or 0%; Figure 2a ) was associated with a sharp decline in methylation. The methylation then gradually increased in the gene body and plateaued until another sharp decline was observed at the TES (or 100%) (Figure 2a) , which brought the DNA methylation close to the level of TSS. These patterns suggest that DNA methylation may be used by cells as a unique marker for gene boundaries. Overall, promoter and CGI regions were significantly lowly methylated compared to exons and introns (Figure 2b ) across all stages. This may be necessary because early bovine embryos express on average 10,000 genes [33] , much higher than most differentiated tissues. Using our RNA sequencing (RNA-seq) data of early in vivo developed bovine embryos [33, 37] , we found negative correlations between promoter methylation and the expression levels of corresponding genes during preimplantation development (Figure 2c ), especially after EGA at the 8-cell stage and later in the blastocyst (r<0.3; Figure 2c , Supplementary Table S2 ). Because promoters, and to a large extent CGI, hardly changed their methylation levels across development, and all the methylation changes were in fact associated with exons and introns (Figure 2b) , we also performed correlation analysis between CGI or exon methylation and the expression levels of corresponding genes (data not shown); similar negative correlation patterns were found with CGI or exons as in the promoter regions.
The bovine gametes and preimplantation embryos exhibited an inverse relationship between CpG density and methylation levels ( Figure 2d and e); regions with high CpG density tended to be hypomethylated (<25%) and vice versa (>75%; Figure 2d and e), consistent with the patterns observed in mouse and human embryos [6, 7] . Interestingly, this correlation was more visible in gametes, and less so in the 8-cell and blastocyst stage embryos (Supplementary Figure S2 ), coinciding with EGA at the 8-cell stage and early lineage specification in blastocysts.
Although methylation mainly occurs at CpG sites, non-CpG methylation has been reported in oocytes [7, 58, 59] and human embryonic stem cells [60] . We also observed reduced but detectable levels of non-CpG methylation in bovine early embryos (Supplementary Figure S3a ). Because RRBS detects methylation mainly in CGIs, the non-CpG methylation identified was also located within CGIs. CpG and non-CpG methylation had similar enrichment patterns in and around gene bodies (Supplementary Figure S3b) ; this was also observed in human oocytes [7] . Interestingly, extremely low non-CpG methylation was found in the sperm, 8-cell, and blastocyst stage embryos (Supplementary Figure S3a) , all of which had The number of DMRs and the number of corresponding genes between gametes of different types. DNA methylation levels of DMRs specific for sperm (f) and in vivo matured oocytes (g) in early embryos. Heatmaps of methylation levels (blue to red = low to high) for DMRs specific for sperm (h) and in vivo matured oocytes (i) in early embryos. Only DMRs that are significantly different (P < 0.05) between sperm and in vivo MII oocytes are presented. (j) Top represented gene ontology (GO) terms enriched in genes that had differential methylation between sperm and in vivo matured oocytes.
no enrichment in gene bodies (Supplementary Figure S3b) ; the low non-CpG methylation was also found in human sperm and embryos [7] . Additionally, there was no correlation between the levels of non-CpG methylation around gene bodies and expression in bovine gametes and early embryos (r < 0.01; Supplementary Figure S3c) . It has been shown that non-CpG methylation regulates the expression of some genes (e.g. pyruvate dehydrogenase kinase 4 (PDK4)) [61] while not others (e.g. PPARG coactivator 1 alpha (PGC-1α)) [62] . Since non-CpG methylation is prevalent only in specific tissues and cell types, or only in particular regions of the genome, its functional role remains unknown [63] .
Signatures of differential methylation in bovine gametes
Although the overall levels of methylation underwent dramatic changes across embryonic stages (Figure 1a) , the actual numbers of tiles with changed DNA methylation between consecutive stages were only minor compared to the number of stable ones. The greatest number of changed tiles was found between gametes and early cleavage embryos, and between the 4-and 8-cell stage embryos (Figure 3a ) and corresponded to the overall level changes shown in Figure 1a . These changing tiles were likely involved in the activation of gene expression from the embryonic genome at these stages as we reported previously [33] . Notably, most regions in the genome showed reduced methylation in the first wave of EGA (between MII oocytes and the 2-cell stage) and major wave of EGA (between 4-and 8-cell embryos; Figure 3b ), likely from replication-dependent dilution and the lack of DNMT1 [64] . From early morula to blastocyst stage, there was a minor increase in the number of tiles with reduced methylation (Figure 3a and b) , consistent with the increase of methyltransferase expression (DNMT3A, B) during this transition [4, 33, 64, 65] .
We next examined the similarities in DNA methylation between sperm and oocytes. Sperm and MII oocytes showed comparable methylation patterns for most covered tiles, which were either hypermethylated (methylation level ≥75%) or hypomethylated (≤25%) in both gametes (Figure 3c and d, Supplementary Figure S4a-d) . The hypermethylated regions appeared gradually demethylated across cleavage stages, while the hypomethylated regions remained relatively unchanged (Figure 3c and d, Supplementary Figure S4a-d) . We further found that regions that were commonly hypermethylated in both sperm and oocytes were enriched in LINEs and SINEs as well as introns (Supplementary Table S3 ), suggesting that hypermethylated regions in bovine gametes probably mainly serve to repress the activity of transposable elements, and play a role in regulating alternative splicing [66, 67] . In contrast, commonly hypomethylated regions were enriched in promoters and CGIs (Supplementary Table  S3 ), suggesting these regions are important for the dynamic gene activity in embryogenesis. A similar phenomenon was seen in human embryos [7] .
We also examined significantly (P < 0.05) DMRs between sperm and oocytes. In total, we identified 1389 DMRs between sperm and oocytes matured in vivo, which corresponded to 339 genes (Figure 3e, Supplementary Table S4 ). Of note, sperm-specific DMRs, which were strongly enriched in LTRs (Figure 3h ), rapidly lost methylation to the background level by 2-cell stage. Oocytespecific DMRs, however, were often localized to exons and CGIs (Figure 3i ) and demethylated gradually across cleavage stages (Figure 3f and g, Supplementary Figure S4g-j) . Consistent with the overall averaged methylation levels (Figure 1a) , both oocyte-and sperm-specific DMRs were more methylated than the same DMRs in cleavage and blastocyst stage embryos (Figure 3h and i) . Gene ontology analysis showed that genes associated with gamete-specific DMRs were clearly enriched for active cellular functions, such as regulation of transcription, signaling pathway, cell shape, cell fate, and developmental growth (Figure 3j ).
Because more developmental failures occur in conceptuses derived from in vitro matured oocytes than those matured in vivo [32, 68] , we further investigated the differential DNA methylation between these two types of oocytes. A total of 52 DMRs (P < 0.05; Figure 3e , Supplementary Table S5), associated with 13 genes, were found (Figure 3e, Supplementary Table S5 ). Interestingly, many of them have not been characterized for their roles in maturation, making them good candidates for gene-specific epigenetic modification studies. During in vitro maturation only six tiles, corresponding to three genes (Figure 3e ), carbonic anhydrase 6 (CA6), caspase recruitment domain family member 11 (CARD11), and espin like (ESPNL), changed their methylation from the GV stage.
Dynamics of DNA methylation and expression patterns of transposable elements
SINEs represent the majority of bovine genome repetitive content with LINEs being the second most prevalent [69] . Since we uncovered high levels of methylation of these sequences in the gametes, we were interested in determining the correlation of DNA methylation with the expression of SINEs and LINEs across development. Regardless of the sequences, the transposable elements had similar DNA methylation dynamics to what was seen for the overall genome methylation, i.e. higher methylation in sperm and in vivo matured oocytes, followed by demethylation at the 8-cell stage, reaching a nadir in blastocysts (Figure 4a-c) . Transcription of all transposable elements, however, did not appear to follow the changes in DNA methylation except between the 2-and 8-cell stages (Figure 4d-f) , where there seems to be a rough negative correlation of DNA methylation and transcription levels. It is possible that other mechanisms, or methylation not revealed by RRBS, are involved. Furthermore, evolutionary age of the transposable elements appeared to be correlated with methylation levels. For example, BovB (suggested to be old) had the highest methylation levels across all stages compared to other transposable elements (Supplementary Figure S5a) . However, the observation that the evolutionarily younger L1 had a slightly higher methylation and transcription levels than L2 in bovine oocytes and early embryos (Supplementary Figure S5b) may suggest that young transposable elements are not demethylated to the same extent as their older counterparts.
DNA methylation dynamics of imprinted genes in bovine gametes and embryos
The mechanism of genetic imprinting often involves allele-specific DNA methylation in oocytes and sperm [70] . To date, the DNA methylation profiles of bovine imprinted genes have not yet been well characterized in bovine gametes and across pre-implantation development, with the exception of small nuclear ribonucleoprotein polypeptide N (SNRPN), mesoderm specific transcript (MEST), PLAG1 like zinc finger 1 (PLAGL1), paternally expressed 10 (PEG10), insulin like growth factor 2 receptor (IGF2R), and insulin like growth factor 2 (IGF2) in sperm and oocytes [71, 72] , and SNRPN, MEST, PLAGL1, PEG10, IGF2, and imprinted maternally expressed transcript (H19) in day 7 blastocysts [24, 73] . We assessed the methylation levels of all 29 genes known to be imprinted in the bovine (http://www.geneimprint.com/site/genes-byspecies.Bos+taurus) [74] [75] [76] . Only 15 were well covered by the captured CpGs using RRBS. Five maternally imprinted genes (neuronatin (NNAT), MEST, PLAGL1, PEG10, and SNRPN) had higher DNA methylation in in vivo matured oocytes than sperm ( Figure 5 ). Conversely, three paternally imprinted genes (H19, maternally expressed 3 (MEG3), and tumor-suppressing subchromosomal transferable fragment 4 (TSSC4)) were more methylated in the sperm ( Figure 5 ). As expected, the methylation levels for these eight imprinted genes in cleavage stage embryos were half of the high levels observed in gametes ( Figure 5 ). These DMRs are good candidates for further study to determine if they are imprinting control elements. Our results not only confirmed that a number of bovine imprinted genes contain allele-specific methylated regions [71, 77] , but also provide evidence that the methylation in these regions resisted the global demethylation process in early embryonic development as anticipated [78] .
Interestingly, the methylation patterns of three maternally imprinted genes, retrotransposon Gag like 1 (RTL1), sarcoglycan epsilon (SGCE), and IGF2, and four paternally imprinted genes, diacylglycerol O-acyltransferase 1 (DGAT1), pleckstrin homology like domain family A member 2 (PHLDA2), IGF2R, and GNAS complex locus (GNAS), had the opposite methylation patterns than expected ( Figure 5 ). It is worth noting that the levels of methylation for SGCE and PHLDA2 were low ( Figure 5) . A previous study also reported higher methylation of IGF2 [72] in sperm than in oocytes. In addition, most imprinted genes are clustered and controlled by imprint control regions in mice and seven of the clusters have been well characterized, including IGF2, IGF2R, and GNAS [79, 80] . Experiments have also indicated that the DMRs have different effects in these three clusters and suggested that knowing the position of the DMR with respect to the imprinted genes in each cluster is essential for understanding their exact regulation mechanisms [80] . Moreover, the mRNA expression of all these genes, except for GNAS, was extremely low in bovine gametes and early embryos [76] ; therefore, it is likely that the imprinting regulation of such genes involves other epigenetic mechanisms [76, 81] .
Supplementary data
Supplementary data are available at BIOLRE online. Table S1 . Summary of the sequencing qualities, read mapping, the average covered CpG sites at 1X, 5X, and 10X, and the bisulfite conversion rate in each stage of the bovine early development. Supplementary Table S2 . List of the top 20 genes whose promoter methylation was significantly and inversely correlated with gene expression at the 8-cell stage. Supplementary Table S3 . The hypergeometric enrichment analysis of the hypermethylated and hypomethylated tiles in bovine gametes exhibited the strong enrichment for different genomic regions (hypergometric enrichment test). Supplementary Table S4 . Methylation levels of DMRs in sperm and in vivo MII oocytes. Tiles that were highly methylated in sperm (3a) and oocytes (3b) are shown. Supplementary Table S5 . Methylation levels of DMRs in in vivo MII and In vitro MII oocytes. Tiles that were highly methylated in In vitro MII oocytes (4a) and In vivo MII oocytes (3b) are shown.
